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HIGH FREQUENCY TRANSFORMERS AND
HIGH Q FACTOR INDUCTORS FORMED
USING EPOXY-BASED MAGNETIC
POLYMER MATERIALS

This 1s a division of application Ser. No. 10/395,993 filed
Mar. 24, 2003, now U.S. Pat. No. 6,873,241.

GOVERNMENT RIGHTS

10

This mnvention was made with Government support under
Contract No. DE-AC04-94A1.85000 awarded by the U.S.
Department of Energy. The Government has certain rights 1n

the 1invention.
15

FIELD OF THE INVENTION

The present mnvention relates generally to electrical com-
ponents such as high Q inductors or high frequency trans-
formers which are fabricated using magnetic materials, and
specifically to such electrical components formed from
epoxy-based magnetic polymer materials wherein ferromag-
netic atoms are chemically bonded into the structure of the
magnetic polymer materials to provide homogeneous mag-
netic properties.

20

25

BACKGROUND OF THE INVENTION

There 1s currently a need for magnetic electrical compo-
nents such as inductors that operate at a radio-frequency (1)
of up to several hundred MHz or more with a hugh quality
tactor (). Currently, such electrical components are fabri-
cated using air or powdered 1ron cores, with the powdered
iron cores being used when a high Q 1s required. In some
instances, the powdered 1ron cores must be machined to
shape for a particular inductor application; and this substan-
tially increases the cost of manufacture of the inductor.
Additionally, machining of very small cores i1s difficult.
What 1s needed 1s a magnetic material which can be readily
molded to shape at low cost to form electrical components
such as high Q inductors and transformers for use at high rf
frequencies.

The present mvention 1s directed to electrical compo-
nents, including high Q) inductors and high-frequency trans-
formers, which can be formed from one or more electrically-
conductive coils located proximate to a magnetic polymer
material which comprises an epoxy that includes co-poly-
merized ferromagnetic molecules therein.

An advantage of the present invention 1s that electrical
components can be formed in many different sizes and
shapes including planar chip inductors down to one milli-
meter 1n size.

Another advantage of the present invention 1s that elec-
trical components with for use at high rf frequencies of up .
to several hundred MHz or above can be formed at low cost,
and without a need for being machined to shape.

Yet another advantage 1s that such electrical components
can be formed as planar devices with one or more substan-
tially planar coils formed on a substrate comprising the g
magnetic polymer material of the present invention and with
an overcoating of the magnetic polymer material being
provided over the coils for encapsulation thereof and to
provide a high Q at an rf frequency as well as a return
magnetic path resulting 1n a higher inductance, L. 65
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These and other advantages of the method of the present
invention will become evident to those skilled 1n the art.

2
SUMMARY OF THE INVENTION

The present invention relates to an electrical component
comprising an electrically-conductive coil and a magnetic
polymer material located proximate to the coil, with the
magnetic polymer material further comprising a cured epoxy
that includes a mercaptan dernivative, with the mercaptan
derivative further including a ferromagnetic atom chemi-
cally bonded to a plurality of sulfur atoms therein. The
mercaptan derivative generally comprises a polymercaptan
(e.g. dimercaptopropanol or dimercaptoethanol). The ferro-
magnetic atom that 1s chemically bonded to sultfur atoms of
the mercaptan derivative can comprise a transition metal
atom (e.g. Fe, V, Mn, N1, Co, Cr, or combinations thereot),
or alternately a rare-earth atom (1.e. a lanthanide atom). The
epoxy, 1n an uncured state, can comprise a diglycidol ether
of bisphenol-A (DGEBA).

The electrical component fabricated according to the
present mvention can be an inductor, a transformer or any
other type of electrical component utilizing an electromag-
netic field for operation thereof. One or more coils 1 the
clectrical component can be wound on a preform (e.g. a
molded preform such as a bobbin, bead, toroid, or arbi-
trarily-shaped core) or can be formed substantially planar on
a substrate (e.g. as coiled traces). The preform or substrate
can comprise the magnetic polymer material, and an
optional overcoat of the magnetic polymer material can be
provided over the coil on the preform or substrate.

The present invention 1s further related to an electrical
component (e.g. an inductor, transformer, etc.) that com-
prises an electrically-conductive coil and a magnetic poly-
mer material located proximate to the coil, with the magnetic
polymer material being a cured epoxy (e.g. formed from a
diglycidol ether of bisphenol-A) that includes a plurality of
mercaptan molecules (e.g. mercaptopropanol or mercapto-
cthanol) co-polymerized therewith, and with each pair of the
mercaptan molecules being chemically bonded to a ferro-
magnetic transition metal atom. The electrical component
can be formed with the coil wound around a preform which
can comprise the magnetic polymer matenal, and with the
coil optionally being overcoated with the magnetic polymer
maternal. Alternately, the coil can be formed on a substrate
(also termed herein a substrate preform) as a substantially
planar coil, with the substrate comprising the magnetic
polymer material and/or with the coil being overcoated with
the magnetic polymer maternial. The transition metal atoms
chemically bonded within the magnetic polymer material
can comprise iron (Fe), vanadium (V), manganese (Mn),
nickel (Ni1), cobalt (Co), chromium (Cr), or combinations
thereof.

The present invention also relates to a method for forming,
an electrical component that comprises the steps of provid-
ing a preform, forming a coil on the preform, overcoating the
coll on the preform with a magnetic polymer material
comprising a mixture of a partially-cured epoxy including a
mercaptan derivative, and fully curing the epoxy, thereby
co-polymenzing the epoxy and the mercaptan derivative.
The mercaptan derivative, which can comprise a polymer-
captan such as dimercaptopropanol or dimercaptoethanol,
includes a ferromagnetic atom chemically bonded to a
plurality of sulfur atoms therein. The ferromagnetic atom
can comprises a transition metal atom or a rare-earth atom.
The epoxy, in an uncured state, can comprise a diglycidol
cther of bisphenol-A (DGEBA).

The electrical component can comprise an inductor or a
transformer. The preform can comprise the magnetic poly-
mer material; and in certain embodiments of the present
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invention, the step of providing the preform can comprise
molding the preform from the magnetic polymer material.
The step of forming the coil on the preform can comprise
forming a substantially planar coil on the preform, or
alternately winding at least one turn of wire on the preform.
Additional advantages and novel features of the invention
will become apparent to those skilled in the art upon
examination of the following detailed description thereof
when considered 1n conjunction with the accompanying
drawings. The advantages of the invention can be realized
and attained by means of the instrumentalities and combi-
nations particularly pointed out in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated into
and form a part of the specification, 1llustrate several aspects
of the present invention and, together with the description,
serve to explain the principles of the invention. The draw-
ings are only for the purpose of illustrating preferred
embodiments of the mvention and are not to be construed as
limiting the invention. In the drawings:

FIGS. 1A-1D schematically illustrate examples of elec-
trical components that can be formed according to the
present mvention.

FIG. 2 shows an example of an electrical component
formed according to the present mmvention with a substan-
tially planar coil formed on a substrate comprising the
magnetic polymer material and overcoated with a layer of
the magnetic polymer material.

FIG. 3 shows a molecular diagram of dimercaptopropanol
with 1ron (Fe) chemically bonded thereto, with the Fe being
representative of a ferromagnetic atom from the transition
metal or lanthanide series of the periodic table.

FIG. 4 shows a molecular diagram of dimercaptoethanol
with Fe chemically bonded thereto, with the Fe being
representative of a ferromagnetic atom from the transition
metal or lanthanide series of the periodic table.

FIG. 5 shows the chemical formula for an epoxy resin
comprising a diglycidol ether of bisphenol-A (DGEBA).

DETAILED DESCRIPTION OF TH.
INVENTION

(Ll

Referring to FIGS. 1A-1D, there are shown examples of
clectrical components 10, 1n the form of inductors and
transformers that can be formed according to the present
invention. FIGS. 1A-1C schematically illustrate inductors
formed by winding an electrically-conductive coil 12 on a
preform 14; whereas FIG. 1D shows a transformer formed
by winding a pair of coils 12 and 12' on a toroidal preform
14. The pair of coils 12 and 12' can be wound side by side
as shown in FIG. 1D or concentrically (1.e. one upon the
other). An inductor 1s an electrical component, which com-
prises a coil of wire to generate a magnetic field when an
clectrical current 1s passed through the coil and to store
energy in the form of the magnetic field. The term “coil” as
used herein includes one or more turns of wire, and 1s also
intended to 1include a loop of wire (1.¢. a single turn of wire).

FIGS. 1A-1D show that the preform 14 can have many
different shapes, with the preform 14 being a cylindrical core
in FIG. 1A, a bobbin in FIG. 1B, a bead core 1n FIG. 1C, and
a toroid 1n FIG. 1D. The term “preform™ as used herein
refers to any maternial of arbitrary shape or form proximate
to which one or more electrically-conductive coils 12 can be
disposed to alter or enhance an electromagnetic property of
the coil(s) 12, or onto which the coil(s) 12 can be formed or
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placed for support. In FIG. 2, the preform 14 can be in the
form of a substrate whereon a substantially planar coil 12 1s
formed as will be described 1n detail heremnatfter (e.g. to form
a chip inductor or a planar transformer). Such a substrate 1s
also termed herein a substrate preform.

In FIGS. 1A-1D and FIG. 2, the preform 14 generally
comprises a magnetic polymer material 16 which 1s formed
according to the present invention. Additionally, as shown 1n
FIG. 1B and FIG. 2, the magnetic polymer material 16 can
be optionally provided as an overcoating 18 over the co1l 12.
The overcoating of the magnetic polymer material 16, which
18 electrically insulating with a resistivity on the order of
10 €-cm, can thus act to encapsulate the coil 12 thereby
increasing electromagnetic coupling within the component
10, can electrically mnsulate adjacent turns of the coil 12, can
hermetically seal the coil 12, and can prevent the possibility
of eddy currents flowing through the magnetic polymer
material 16 (e.g. for a transformer) which might otherwise
occur 1 a powdered 1ron core were used.

The magnetic polymer material 16 comprises a cured
epoxy that includes a co-polymerized host compound which
includes ferromagnetic atoms therein thereby making the
epoxy magnetic. The co-polymerized host compound pret-
erably comprises a mercaptan derivative such as dimercap-
topropanol or dimercaptoethanol which 1s chemically
bonded to the ferromagnetic atom prior to being added to the
epoxy for co-polymerization therewith. Alternately, the fer-
romagnetic atom can be chemically bonded to a mercaptan
epoxy hardener. Mercaptans (also termed thiols) are sulfur-
containing organic compounds with the general formula
RSH where R 1s any radical.

FIGS. 3 and 4 show, respectively, molecular diagrams of
dimercaptopropanol and dimercaptoethanol with 1ron (Fe)
as a representative ferromagnetic ion being chemically
bonded to a plurality of sulfur (S) atoms therein. Those
skilled 1n the art will understand that other ferromagnetic
atoms from the transition metal series (e.g. V, Mn, Ni, Co,
Cr) and from the lanthanide (1.e. rare-earth) series of the
periodic table can be substituted for Fe in the mercaptan
derivative to form the magnetic polymer material 16. The
chemical composition of the mercaptan derivative can be
selected to provide from generally 2-4 sulfur (S) atoms for
chemical bonding with a particular ferromagnetic atom. The
term “atom” as used herein 1s also intended to include atoms
in 10nic form.

The mercaptan derivative can be prepared by combining
stoichiometric amounts of a chloride (e.g. ferric chlonde
also termed FeCl,) or a carbonate (e.g. ferric carbonate also
termed Fe,(CO,),) containing the transition metal or rare-
carth atom of interest together with a mercaptan (e.g.
mercaptopropanol or mercaptoethanol) and a stoichiometric
amount of an epoxy hardener (e.g. comprising a polyamine
curing agent such as R(NH,), also termed diamine). The
preferred composition for obtaining optimum curing of the
magnetic epoxy 1s 1 mole Fe as FeCl;:1 mer of mercaptan:1
mer of epoxy hardener:1 mer of epoxy resin.

In general, the stoichiometric amount of polymercaptan
added to the epoxy hardener should be suflicient to provide
1-2 atoms of the transition metal (e.g. Fe, V, Mn, Ni, Co, Cr,
etc.) or rare-carth to be a part of one mer of a resin/hardener
mixture wherefrom the cured magnetic epoxy 1s formed.
This results in the transition metal or rare-earth 1ons being
located on 2-4 nanometer centers in the cured magnetic
epoxy thereby providing a permeability of 4-10 at an rf
frequency of 500 MHz and producing a quality factor (QQ) 1n
the range of about 100-200 for an inductor 10 having a coil
12 comprising five turns of #34 wire wound on a toroidal
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preform 14 formed from the magnetic epoxy having an inner
diameter of 2 millimeters and an outer diameter of 4
millimeters. The magnetic polymer material 16 formed as an

epoxy as described above 1s expected to be thermally stable
up to about 200° C.

The chloride or carbonate containing the transition metal
or rare-carth atoms can be added as solid granules to the
epoxy hardener and mixed together prior to adding the
mercaptan. The mixing can be carried out 1 a stirred
reaction chamber. In the case of ferric chloride or ferric
carbonate, a color change 1n a solution of the combined
materials from relatively clear to dark blue or black will
indicate that the 1ron atoms have been chemically bonded to
the sultur atoms of the mercaptan host compound to form the
polymercaptan.

A transition metal chloride (e.g. FeCl,) or a rare-earth
chlonide 1s generally to be preferred over a transition metal
carbonate or a rare-earth carbonate since the chloride com-
pound when combined 1n solution with the epoxy hardener
and the mercaptan host compound produces chlorine 1ons
which more readily break bonds in the mercaptan host
compound 1n order to form a tightly bound complex of
polymercaptan with the transition metal or rare-earth ions
sequestered therein. The term “polymercaptan™ as used
herein refers to a molecule formed from a plurality of
mercaptan molecules, with the polymercaptan molecule
having a plurality of sulfur atoms therein.

Once the polymercaptan has been thoroughly mixed into
the epoxy hardener as described above, the hardener can
then be mixed in a stoichiometric amount with a diepoxy
(also termed herein a resin) with the hardener and polymer-
captan both being co-polymerized with the resin during
curing at a temperature which can range from room tem-
perature up to an elevated temperature near the glass tran-
sition temperature of the fully-cured magnetic epoxy. The
ratio of the hardener (including the polymercaptan) to the
resin can be, for example, 1:2 when the hardener comprises
a diamine curing agent and the resin comprises a diglycidol
cther of bisphenol-A (also termed DGEBA). The polyamine
hardener and DGEBA resin, which can be produced from a
condensation reaction of epichlorohydrin and bisphenol-

acetone, 1s commercially available in many two-part epoxy
kits.

Those skilled in the art will understand that there are
many different epoxy resin/hardener systems and many
different compositions of resins and hardeners within each
epoxy system to which the teachings of the present invention
can be applied and which can be used to form the electrical
component 10. Thus, for example, 1n the DGEBA resin/
polyamine hardener epoxy system with the formula for
DGEBA given as shown in FIG. § with epoxide groups at
cach end and a repeat unit 1n the middle enclosed 1n brackets,
the number n of repeat units can range from 0 up to about
25. As the number, n, of repeat units in the DGEBA resin
increases, the viscosity or melting point of the DGEBA resin
increases. Additionally, those skilled 1n the art will under-
stand that other types of epoxy can be substituted for the
DGEBA resin/polyamine hardener epoxy system 1n forming
the magnetic epoxy of the present invention, including
epoxies based on resins that comprise glycidyl ethers of
novolac resins, tetratunctional glycidyl amines and aliphatic
resins (e.g. n-butyl glycidyl ether, glycidyl ethers of alco-
hols, and 1,4-butanediol diglycidyl ethyl) and further based
on hardeners that comprise amine curing agents (e.g. ali-
phatic amines such as diethylene triamine or aminoethyl
piperazine, or aromatic amines such as meta-phenylenedi-
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amine or methylene dianilene), anhydride curing agents (e.g.
cyclic anhydrides such as nadic methyl anhydride or
phthalic anhydride)

In the case of an epoxy comprising a hardener that turther
comprises a mercaptan (e.g. a polymercaptan), the chloride
or carbonate containing the ferromagnetic atom can be
mixed directly into the hardener to produce a mercaptan
derivative (e.g. polymercaptan) that contains the ferromag-
netic atom sequestered therein. As an example, s1x grams of
terric chloride in granular form can be added to 10 grams of
a mercaptan hardener and thoroughly mixed together to
sequester the 1ron atoms within the mercaptan hardener
before combining the resultant mixture with a stoichiometric
amount of the resin to form the cured magnetic epoxy. As
previously mentioned, a color change from relatively clear
to dark blue/black 1n the mixture of the ferric chloride and
the hardener will indicate that the 1ron atoms have been
chemically bonded to the sultur atoms of the polymercaptan
thereby completing the sequestration of the 1ron atoms
within the polymercaptan.

Once the epoxy resin and hardener with the mercaptan
derivative having the ferromagnetic atoms sequestered
therein have been mixed together to begin the curing process
for the magnetic epoxy, the magnetic epoxy can be molded
into a precise size and shape required to form the preform
14. This can be done, for example, using a one- or two-part
mold that 1s formed from a material to which the cured
magnetic epoxy does not strongly adhere such as a mold
formed from an acetal homopolymer (e.g. DELRIN). Alter-
nately, the mold can be made of metal or other relatively
hard material and coated with a release agent, if needed. The
magnetic epoxy, after being mixed, can be poured or urged
into the mold and allowed to remain there until fully cured
with or without added heat. The simultaneous molding of a
plurality of preforms 14 can be preformed using a batch
process. The term “molding™ as used herein 1s mtended to
refer to any process whereby a material 1s pressed or formed
into a particular shape, and includes casting, extrusion, and
injection or vacuum molding. A substrate preform 14 as
shown 1n FIG. 2 can also be formed by molding, by coating,
upon a surface ol another material, or by rolling the mixed
epoXy prior to complete curing, or after heating and sotten-
ing thereof.

Once the preform 14 has been made from the magnetic
polymer material 16, one or more coils 12 can be wound on
the preform 14 as schematically illustrated in the examples
of FIGS. 1A-1D. The exact number of wire turns for the coil
12 will depend on the type of electrical component 10 being
formed (1.e. an inductor or transformer), and on the desired
clectrical characteristics of the component 10 (e.g. a mag-
netic permeability of the magnetic polymer matenial 16, a
current-carrying capacity of each coil 12, an inductance of
the coil 12 for an inductor, a ratio of the number of turns for
a pair of magnetically-coupled coils 12 used forming a
transformer, etc.).

In some embodiments of the present invention, an air coil
12 comprising one or more turns of wire can be pre-formed
and mserted 1nto the mold prior to or after filling the mold
with the uncured magnetic epoxy. In this way, the coi1l 12 can
be completely encased within the cured magnetic epoxy to
form the electrical component 10 without the need for first
forming the preform 14 and subsequently winding the coil
12 about the preform 14.

The completed electrical component 10 of the present
invention can be enclosed within a non-magnetic package
(not shown). Alternately, an overcoating 18 of the magnetic
polymer material 16 can be formed over the component 10
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as shown schematically 1n the examples of FIGS. 1B and 2.
The overcoating 18 can comprise the same type of two-part
epoxy having the ftransition metal or rare-earth atoms
sequestered within the mercaptan dernivative as previously
described for forming the preform 14. The overcoating 18
can be applied by dipping, coating, spreading, squeegeeing,
rolling or molding after the magnetic epoxy has been mixed
and prior to complete curing thereof. The overcoating 18 can
then be cured at room temperature, or at an elevated tem-
perature. The provision of an overcoating 18 i1s advanta-
geous since this can enhance the magnetic properties (e.g.
inductance or magnetic coupling) of the component 10, or
reduce its size as compared to a similar component 10
formed with the same number of turns for the coil 12 but
without the overcoating 18. Additionally, the overcoating 18
can be used to form a package for the electrical component
10. The term “‘overcoating” as used herein can refer to a
conformal coating, or to a quantity of the magnetic polymer
material 18 of arbitrary shape formed over the coil 12.

In certain embodiments of the present invention, the
preform 14 can comprise a magnetic material (e.g. iron or
territe) or a dielectric material rather than being formed from
the magnetic polymer material 16. In these embodiments of
the present invention, an overcoating 18 of the magnetic
polymer material 16 can be provided over the coil 12 to
insulate and protect the coil 12 while enhancing the mag-
netic properties of the electrical component 10. The mag-
netic polymer material 16 provides a high dielectric constant
(E=18) and the high resistivity (p=10'°-10"* Q-cm) for the
overcoating 18.

In the electrical component 10 1n the example of FIG. 2,
the coil 12 can be formed on the substrate preform 14 by
blanket deposition, plating or bonding of an electrically-
conductive layer (e.g. a metal layer comprising aluminum,
copper, silver or gold) followed by patterning using con-
ventional masking and etching processes as known to the art
of semiconductor devices and printed-circuit boards. This
results 1n a substantially planar coil 12, which 1s also termed
a coiled trace. Those skilled 1n the art will understand that
there are other ways of forming the substantially planar coil
12 1n FIG. 2. For example, the substantially planar coil 12
can be formed from a laser-deposited metal (e.g. copper or
silver), or from a metallic 1nk.

In FIG. 2, one or more electrical connection points 20 can
be provided for the coil 12 for the attachment of external
lead wires (not shown), or to form electrical connections
(e.g. by solder or ball bonds) from the coil 12 to a supporting
substrate (not shown). The electrical connection point 20 at
the center of the coil 12 can include an electrically-conduc-
tive via formed through the substrate preform 14 to allow an
clectrical connection to be made to the center of the coil 12
from a backside of the substrate 14. This can be advanta-
geous when the electrical component 10 1s to be mounted on
an edge thereof, or when a layer of the magnetic polymer
material 18 1s to be overcoated over the coil 12 as shown in
FIG. 2. The provision of a substantially planar coil 12 on
cach side of the substrate preform 14 in FIG. 2 can be used
to form a two-sided chip inductor or a planar transformer.

The matter set forth in the foregoing description and
accompanying drawings i1s offered by way of illustration
only and not as a limitation. Other applications and varia-
tions of the present imnvention will become evident to those
skilled 1n the art. For example, 1n certain embodiments of the
present invention the magnetic polymer material 16 need not
support the coil 12, but can be provided instead as a
magnetic core that 1s moveable within a coil 12 to form a
tunable inductor. In these embodiments of the present inven-

8

tion, the magnetic polymer material core can be attached to
a tuning screw to vary the inductance as the tuning screw 1s
adjusted to move the core inward or outward relative to the
coil 12. The actual scope of the invention 1s intended to be

5 defined in the following claims when viewed in their proper
perspective based on the prior art.

What 1s claimed 1s:

1. A method for forming an electrical component, com-
prising the steps of:

(a) providing a preform;

(b) forming an electrically conductive coil on the preform;

(c) overcoating the coil on the preform with a magnetic

polymer material comprising a mixture of a partially-
cured epoxy including a mercaptan derivative, with the
mercaptan denivative further including a ferromagnetic
atom chemically bonded to a plurality of sultur atoms
therein; and

(d) fully cuning the epoxy, thereby co-polymerizing the

epoxy and the mercaptan derivative.

2. The method of claim 1 wherein the mercaptan deriva-
tive comprises a polymercaptan.

3. The method of claim 1 wherein the mercaptan deriva-
tive comprises dimercaptopropanol or dimercaptoethanol.

4. The method of claim 1 wherein the ferromagnetic atom
comprises a transition metal atom.

5. The method of claim 4 wherein the transition metal
atom 1s selected from the group consisting of wron (Fe),
vanadium (V), manganese (Mn), nickel (N1), cobalt (Co),
chromium (Cr) and combinations thereof.

6. The method of claim 1 wherein the ferromagnetic atom
comprises a rare-carth atom.

7. The method of claaim 1 wherein the epoxy, in an
uncured state, comprises a diglycidol ether of bisphenol-A
(DGEBA).

8. The method of claim 1 wherein the electrical compo-
nent comprises an mductor.

9. The method of claim 1 wherein the electrical compo-
nent comprises a transformer.

10. The method of claim 1 wherein the preform comprises
the magnetic polymer matenal.

11. The method of claim 1 wherein the step of providing
the preform further comprises molding the preform from the
magnetic polymer material.

12. The method of claim 1 wherein the step of forming the
coil on the preform comprises forming a substantially planar
coil on the preform.

13. The method of claim 1 wherein the step of forming the
coill on the preform comprises winding at least one turn of
wire on the preform.

14. A method for forming an electrical component, com-
prising the steps of:

(a) molding a preform from a magnetic polymer material

comprising a mixture of a partially-cured epoxy includ-
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> ing a mercaptan derrvative, with the mercaptan deriva-
tive further including a ferromagnetic atom chemically
bonded to a plurality of sulfur atoms;
(b) fully curing the epoxy, thereby co-polymernzing the
60 epoxy and the mercaptan denivative to solidify the

preform; and
(¢) forming an electrically conductive coil on the preform.

15. The method of claim 14 further comprising a step of
overcoating the coil on the preform with a coating compris-
ing the mixture of the partially-cured epoxy.

16. The method of claim 14 wherein the mercaptan
derivative comprises a polymercaptan.
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17. The method of claaim 14 wherein the mercaptan 21. The method of claim 14 wherein the epoxy, 1n an
derivative comprises dimercaptopropanol or dimercaptoet- uncured state, comprises a diglycidol ether of bisphenol-A
hanol. (DGEBA).

18. The method of claim 14 wherein the ferromagnetic 22. The method of claim 14 wherein the step of forming
atom comprises a transition metal atom. 5 the coil on the preform comprises forming a substantially

19. The method of claim 18 wherein the transition metal planar coil on the preform.
atom 1s selected from the group consisting of 1ron (Fe), 23. The method of claim 14 wherein the step of forming
vanadium (V), manganese (Mn), nickel (N1), cobalt (Co), the coil on the preform comprises winding at least one turn
chromium (Cr) and combinations thereof. of wire on the preform.

20. The method of claim 14 wherein the ferromagnetic 10
atom comprises a rare-carth atom. £ % % % %
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